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Structureand MechanicalPropertiesof A1-AlxOytiYacuum
DepositedLaminates

by

R. W. Sprtngerand D. S. Catlett
Los AlamosWentifie Laboratory
Los Alamos,NM 87545

ABSTRACT

Highyield strengthmaterialscan be fabricatedby
marw techniques.A methodproposedby Koehleris to
alternatethin layersof a high sheirmodulusmaterial
with thatofa Iow shearmodulusmaterial. Th& layers
must be less thanone hundredatomiclayersin thickness
and be singlecrystalsof similarlatticespacing
epitaxialiygrownon top of each other. The mechanical
effectwould be to inhibitdislocationformationand
mobilityof dislocationsthroughthe solid. As such,
th~ stressrequiredto move a dislocationthroughthe
lamil~~tecan be on the orderof one percentof the
lowermodulusmaterial.

A novel techniquehas been developedto producea
laminateof Al-Al O by a PulsedGas Process(PGP)in
an electronbeam &J# system. Samplesof 25 micro-meters
and thickerhave been readilyproduced. The surfacefinish
of the growingdepositappearsto remainas srmth 6S khe
glasssubstrate. The tensiletestingdata show the material
toobeya Hall-Petchrelationfor yield strengthsof
layerspacingsof 50nM to 1200nM. The frictionstress
was measureddirectlyfrom a pure vapordeposite~sample
at27MPa. The K valuewas foundto#de .086MN/m/2.
These,resultscouldaal$obp +nterprstedin ~ermsof a

, sub-grainstrengtheningconcept.
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I* Intmuctlon ‘ ‘*

The abflltyto provide$ncreusedstrengthto materialshas been

a subjectof interestand study for many years. PWlernmetallurgical

analysls has permittedmany of the mchanisms to be identifiedand

to allowa certaindegreeof quantificatlonfor calculationand

predictionpurposes. Among the variousmechanismsfor strengthenng
Is tkatof precipitationhardening. The theoryshowsthat the

precipitatesproducea drag and impedingeffecton the dislocation

nwemant, thus increasingthe stressnecessaryto producematerial
yield. The relationgoverningthis type of yield is the Hall-Petchl

type shownin Eqo (1)0
qsc+ud-h t))

The powerof n is ‘-1/2 for this type of strengthening.The average

precipitatespacingis the valueof d in the equation.
In additionto the precipitationhardeningthereare two

other forms,closelyrelatedto each other,whichare grainboundry

and sub-grainhardening. Both of thesemechanismsare predi&ed

on the fact that dislocationmovementis impededat an inte~facesuch

as a grainboundaryora smalltilt Boundarywithina grain itself.

The grainboundaryor sub-grainstructuremay impedeor stop the
movementofa dislocationbut the materialmay stillbe subjectto

a low yield stress. It has been suggestedthat the dislocation,,
which stoppedat a hardenedsite or grain boundary,can causea

new dislocationto be generatedat the other side,or activatean

existingdisl~cationto move withoutactuallypenetratingthe barrier.l

Examplesof the firsttypeof strengtheningmechanismsin ~por
depositedmaterialscan be found in the work by McClanahanet s1.

for precipitationhardening. Alloy targetswere sputteredonto the

substratesthatwere subsequentlyheat treatedto causeprecipitation.

Grainboundaryhardeningwas carriedout by Merz and Dahlgren3in

pure cppperdeposits. They obtaineda very good fit to a Hall-Petch

relationwith the powern equal to -1/2 in accordancewith current
grainboundarytheories.

.
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A thewy proposedby Koehler4suggestsa S1Ightlydiffwentw

-* * * =f=~*l ~t~~g*fi*ag ml-. m materialis *
be composedof a Iamellarstructureof materialA and material8.
The elasticconstantsof the two materialsmust differby more

than a factm of two. The two materialsshouldalso have the same

G?’Ystalstructureand latticeconstants.“Underthesecondttlons,
mate?+alA is depositedas a singlecrystalto a layerthickness
of ‘1OOatom layersor less,followedby an epitaxiallayerof

the secondmaterialto the same thicknessand so on untila composite

materialof macroscopicdimensionsis produced. The singlecrystal
requirementis necessaryto avoid the presenceof any dislocations,

and the latticeconstantrequirementis to minimizethe effect

of tnterfacialstrain. With this structure,a dislocationmust form

in a loop,since thereis no grainboundaryor imperfectionfor the

dislocationto beginand end. The layerthicknessis such that

the minimumsize loop is not easilyformed. Thus,only partialloops

may be formed. With theseassumptions,Koehlercalculatesthe 1fne

energyand shearrequfredto forcea dislocationthroughthe couple
from the lowermodulusmaterfalto the highermodulusmaterial. The

resultis shownin Eq. (2).

Lehoczky5showsthat for a

ppp@ ‘ (2)

dislocationmovingon a glideplane in

metalB to metalA, the minimumstressrequiredfor yield is given

by Eq. (3) for equal thicknesslayers.

(3)

YAand YB are the Young’smoduliof the respectivematerials,while
the A ~nd B are the shearmodulfof the materials. By inserting

variousmaterialconstantsinto Eqo (3)$ it can be seen that a

compositeof very highyield strengthcouldbe produced.
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Wmerous workershave made latina~s in this fashion.
P&latnlk6made 1andnatesof Ge and GaAs,Buschand Patten71ooked

at a varietyof laminatesincludingBe/Al,Lehoczky5investigated
Al/@, A1/CUand A1/Ag laminatesincludinga few other systems.

The laminatesproducedby Buschet al. were al1 subjectto premature
fractureand thereforeyield strengthswe?einferredfrom hardness

data, Lehoczkywas able to measurespecimensand obtatnyield and

ultimatetensilestrengthdata. However,his data is somewhat

difficultto interpretas he measuredthe mechanicalpropertiesas

a functionof constantstressrate ratherthan constantstrainrate.

Undertheseconditions,parameterssuch as ductilityCOU1d not be

1nvestigated. In any case,the yield strengthswere on the order of

the valuescomputedfrom Eq. {3) for laminatethicknessof less
than 50rIMper layer.

Anotherlaminatecombinationthatwould producea high strength
materialis A1/A1203. At leasttwo problemsin formingsuch a laminate

by electron”beam gun evaporationwould be encountered. First,a two

gun systemis required. Secondly,the possibilityof electronstimulated

resorptionof tbe oxygenfrom the A1203 compoundwould producea
defi’iiientoxidewith an unpredictablestoichiometry.8However,recent
Workg investigatedthe effectof gas interactionwith aluminumde-

posits,condensedon room temperaturesubstrates. In this studyms~xe-e .~D*
gases;ere admittedto the chamber. of themH20~,02~N2,fi~~~~2and

CH4, only H90 a#J&’.*<%i?ii~a‘to-;a;e’any significantinteraction

M Lt’1kl?e%&it. The amountof oxygenfoundin the filmsfollowed

the,relationof Eq. (4) over two ordersof magnitudeof pressurevariation.

(4)

The valuek is a geometricfactorto compensatefor the differencein
the measuredpressureand the true pressureat”thesubstrate.2; is the

stickingprobabilityfor the gas atomsas a functionof coverage~~ ~
and temperature(T). Rgi is the fluxof gas atoms to the substrateand

Rd is the fluxof aluminumdepositto the substrate. It is thus apparent

that usinggas to form the AlxOy layev,it is possibleto precisely

controlthe oxygencontentin the oxide layer. It is also possiblethen ~

to produce1ayershighlydeficientin oxygento fine tune the desired ‘

mechanicalpropertiesof the laminatesuch as strengthand ductility.

9
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P. Experimental
LaminatecompositesofA1/AlxOy have been prepared in an electron

beam gun deposition system. The system is all stainless steel and

pumped by a Balzers 400 1/s turbwnolecular pump. An ultimate pressure

of 1.4X1O-6 .Pa i~ attainable with this system. The electron beam gun

system is a 14 W Airco Temescal unit with a water cooled copper super

hearth gun. The 5n’s pure aluminum was deposited from the hearth with-

out the use of a liner at a rate of ‘3.5 nmis.

For long runs and high gas pressures, certain modifications in

the electron beam gun control circuitry were found to be advantageous.

Figure 1 shows schematically the changes implemented. During the electron

kafii evaporations positive ions are produced near the hearth by the

incident high energy electrons. These ions are then collected on a

negatively biased plate mounted on the electron beam gun. This current

is measured and compared with a control setting. The subsequent e~ror

signal is amnlified and fed to the emission control power circuit. Thus.

the rate of deposit is maintained at a constant value,t~yn~!gt:~tiL’the

run. However, problems can arise as the o~s-~s-$~l~;d into the system

to form the oxide layer .~~-tLdL”t-he’gasmay also be ionized by the. ...
electw!-baa~fiand these ions collected and measured by the sensor plate.

.*.- ““”~his artifact signal then causes the electron beam gun to shut down.

However, this difficulty is easily overcome. A fraction of the signal

from the ionization gauge, when in the 10-2Pa region, is also fed to

the current sensor. Thus, the effectof increased current due to the

ionization of the gas is compensated by the ionization qauge reading.

The gas is pulsed into the chamber using the scheme shown in

Figu~ 2. A high purity oxygen gas bottle is connected to a regulator,

with a variable leak valve connected between two solenoid valves. The

solenoid valves are connected to a relay driven by an oscillator

circuit. The oscillator can be adjusted for cycle length as well as

the relativeduty cycle for gas admission. In this fashion, both the

oxygen layer thickness, o~gen concentration and laysr spacing are

independently adjustable.

The working curve for the gas operation is shown in Figure 3.

The data points shown are the uxygen to aluminum atomic ratios as

measured by Auger Electron Spec~roscopy. The abscissa is the mss 3*

current as measured by a quadrapole residual (jasanalyzer. The line

a



is a plotof Eq. (4) using literature values of the sticking co-

efficient of oxygen on aluminum. The only information that cannot

be obtained from this dat? is the instrument response to a spike of

gas pressure admitted to the operating chamber. The gas diffusion

plus reaction will cause the leading edge of the spike to be slightly

sloped in time, and the ability of the vacuum system to recover,

including the self-cleaning of the source, will cause a decay slope.

This response time of the system limits the effective resolution of

deposit and layer spacing as will be seefi:,inthe data.

The mechanical specimens were readsby depositing through a

“dog bone” shaped mask onto a glass lantern slide. Prior to the

deposition of the ;aminate, a-thin layer of CsI-50nm thick was

d~~.+;i~ae;ia parting agent. During the deposition of the laminate,-e
the mass 32 ion peak was plot-tedon a strip chart to record the

number of CYCICS, the frequency and the intensity of the oxygen signal.

The thickness of the specimens was measured both by a quartz crystal

nnmitor, which could also d’isplaythe deposition rate, and by the film

step height using the SYSIUKtechnique.

The samples were then “released” from the substrate by immersing

the slide into water. The mechanical specimens were then “floated” off

the glass, thoroughly rinsed and dried.
t..

B. ‘ChemicalAnalysis

The specimens were analyzed for oxygen content utilizing Auger

Electron Spectroscopy and depth profiling techniques. T~: depth profiles

were obtained using Tailored Modulation Techniques (TMT) to eliminate

the’usual artifact for aluminum concentration found in dN/dE spectra

at oxide interfaces.11 A depth profile of both a 90nm spacing and

189nm spacing are shown in Figure 4. The oxygen concentr~ ;ion in

the two profiles js roughly 5-10 atomic percent. SO, the layers are

highly o~gen deficil?nt. However, the necessary reasons for this will

be explained later in the mechanical testing section.

Note in the profiles that the shapes of the o~gen layer are

regular but very much broader than the oxide layer on the outer surface.

Of part~cular importance is the shape and width of the peak in Figure 4ai

The oxygen shape in this layer is determined solely by the instrument

response to the gas as this film was formed. The oxygen w~s “pulsed”

into the chamber. It is clear from this profile that the minimum

spacing of layers can only be ‘50nM before significant interference OF

the oxygen layers occur with the loss of metallic behavior in between.
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Itfl- o%-;eenfrom the depth profile data that the material

can be layered using the Pulsed Gas Process (PGP). Also, it should

be observed that the concentration of oxygen and oxygen shape distri-

bution can be controlled and are extremely uniform. Another way of

observing the unifomity of the layering is shown in Figure 5.

Scanning Auger images of “metallic” aluminum and oxygen concentrations

a:e shwn in the sputtered area. Each ring represents a changti

film height of ‘25nM. This effect is due to the Gaussian shape

sputter beam used for depth profiling.

WJS+ #the specimens measured for sti’es.-strainvalues were

in

of the

depth

profiled. The layer spacings found from the Auger analysis were

found to be consistent with those recorded during the tim of deposition.

c. Metallocjraphy

A 25 micrometer thick sample was mounted and polished. The

layer spacing of this sample was ‘200nM. The oxygen concentration was

‘5-10 atomic percent. The polished section revealed no structure under

the optical microscope. This is in sha~p contrast to the pure aluminum

deposits also examined. The’structure revealed in these deposits is

characteristic of a columnar structure consistent with the model of

Mvchan and Demchischin?2 Upon etching, the structu?e revealed is

shown in Figure 6. The one plate shows scanning electron microscopy

at normal incidence. The appearance of this plate is simila? to gray

phases in a precipitate hardened sample. However, upon examination

at 45°, it becomes apparent that the gray phases are in fact layers

of oxide that were not etched away. It is clear that the periodic

chemical changes in the sample have radically altered the structure

the material into a lamellar construction.

of

X-ray diffraction on this sample

no preferred orientation. This is also

which show a preferred 111 orientation.

material must be in excess of 150 nM as

also showed that there was

in eontr{lstto pun deposits

The crystallite size in this

no discernible broadening

of the X-ray lines over instrumental was observed.

In addition to the difference in crystal orientation and

structural changes, the surface morphology of the laminate is signi-

ficantly different. Figure 7 shows the surface of a 12 micron thick

laminate. The surface roughness of the pure aluminum has been recognized



by other workers.13 The most striking feature of the laminate is its

visualappearance.As the SEM plate shows, the surf?ce is very smooth.

The foil appears as reflective on the growing side as the glass or

substrate side. This effect is reproduceable and appears to correlate

with laminate spacings of 200n14or less. For the larger spacing, the

growing sideof the deposit begins to “roughen” as wfth the pure depos;ts.

D. Mechanical Properties

The stress-strain curves were obtained fr~m two mchines. One

was a conrnercialInstrcn. The other was specially constructed to

test the thin foil specimens. Figure 8 shows the schematic operation

of the second machine. Both machines were of the constant strain

rate type and data compared between the two was in good agreement.

The strain rate used was ‘5x10-5/s. The specimens averaged ‘7-10 microns

thick, “3nmIwide and had a gauge length ‘2cm. The samples were glued

to stainless steel strips ‘1 cmwide by ‘.13mm thick used as pull grips.

Table I shows the results of the mechanical testing. All the

yield strengths were measured at the .2% offsetpoint. In the table

is shown the yield strength, ultimate tensile strength, elongation,

layer spacing and relative oxygen concentration. If a Hall-Petch

relation is obeyed, the data should fall on a straight line on a log-

log plot of the yield strength versus the laminate spacing. Figure 9

shows such a plot. The data fit an experimental line of slope-1/2.

A replo~of the yield stress data versus a reduced axis of d-1’2gives

Figure 10. Included in this plot is the yield strength for the pure

aluminum deposit.

best experimental

for pure aluminum

As can be seen from the plot, the% term from the

fit agrees very well with the yield stress measured

samples.

E. Results and Discussion

The yield stress predicted by Eq. (3) is about 5.5 times larger

than the maximum yielcistress experimentally measured. This discrepancy

is not at all surprising in liqfitof the fact that the computation is

based on elastic parameters of pure alumina. The mechanical specimens

had reduced oxygen content to eliminate brittle fracture due to internal

stresses and to introduce ductility. Assuming that the 5-10 atomic

percent oxygen increased the elastic constant of that layer over pure

aluminum by about two times, ona”computes 446 MPa or about the yield

strength of the 50 nM spaced specimen.

7



The material could be described in terms of a sub-grain hardening

mechanism as well. The Hall-Petch coefficients match those of sub-grain

hardened aluminum better than grain boundary hardening.l This assumption

would agree well with the x-ray diffraction data showing no line t~roaden-

ing on lamallae spacing of 200 nm. In the sub-grain hardening theory,

the value of K in ~q. (1) can be computed. However, the details and

mechanisms involved in such a computation is still the subject of

controversy.

K=

The general fcnvnofmost of the results is shown in Eq, (5).1

(5)

bJhereG is the shear modulus, 6 is the Burgers vector,tiisPoisson’s

ratio and Q is the angular pile up of dklocations in the sub-grains.

For an angular mismatch of ’20° and a Burgers vector of one lattice

spacing, Eq. (5) yields a value of*.09MN/m3/2 which is extremely close

to the value measure in this experiment and others involving sub-grain

hardening.l

The mechanical properties compare favorably with electrodeposited

aluminum14 dispersion hardened with alumina particles. The s~ntered and

pressed alloys made from the fine particles of

in oxygen content. The laminate strengths are

of XAP alloys.15

:

Conclusions

The PGP offers a chance to control many

a precise and i-epetitivemanner. The strength

aluminum are also high

comparative to this class

material parameters in

enhancement of aluminum

has,been showiito be achieved by the alte~tion of oxidized layers

and metallic layers. The bculdstrength of the layers, although not

measured, is thought to be very high as delamination was found to be

very rare and not observed in samples subjected to liquid nitrogen

temperatures cr elevated temperatures ‘300C. This is thought to be

due to the bond strength of the grown oxide.

The mechanical behavior of the rr,ticerialis described by the

Hall-Petch relation with a friction stress of 27MPa and a K value

of ‘.085MN/m3/2. The ductility of the material appears to be inversely

related to the yield strength with the elongation ranging from “20%

to less than .2% for the strong~st sample.



Some microleveling must be achieved during the layering process

as the usual surface roughness found on thick aluminum deposits was

suppressed.

In conclusion, the PW can produce aluminum coatings showing

desirable properties of controlled enhanced mechanical strength with

reduced to non-existent surface rougheni~lgeffects.
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TABLE I

m
50

90

110

132

144

144

189

206

245

292

319

330

349

1200

00

Ys MPa

408

326

262

265

252

234

245

252

250

182

172

173

156

109

22

UTS MPa

408

434

300

293

265

272

286

312

312

236

225

212

204

131

78

G%

.2

.5

5

2

4

7

2

10

.5

15

7

7

3

20

30

“O atomic %/layer

3

8

7

10

5

5

7

7-15

3

4

0



Figure Captions

1. The schematic of the rate control circuit is outlined.

The ions created by the electrons are collected and compared to

a reference signal. The difference is amplified and used to

control the depositbn. A part of the ionization gauge sigtlal

is also fed into the controller to compensate for gas ions

cr$ated at the 10-2Pa pressure region.

2. The gas inlet system is shown in block diagram. The

oscillator is both cycle as well as pl’lsewidth adjustable

to control the layer spacing and oxygen layer thickness.

3. The working curve for oxygen reactions with aluminum is

shewn. The solid line is a calcul~tion fromEq. (4) with

K 2.3, Q-.03 and a depositon rate of 1.5nM/s. The pressure is

‘~0-2Pa at 10-8 amps of RGA current. The circles are the

o~gen to aluminum atomic ratios as measured by Auger Electron

Spectroscopy.

4* Two oxygen depth profiles are shown. The beginning of the

curves represent the relative thickness of the oxide layer at

the surface of the samples. Note the uniformity of the o~en

spacing in both profiles. The total sputter time shown is about

80 minutes with ‘~ material removed. Trace A is for a

laminate bpacing ‘90nM. Curve B is for a laminate spacing “189nM.

, Note that the resolution of the oxygen layer in this plot

degrade”.with time due to the imperfect alignment of the sputter

beam with the electron beam.

5* A. An SEM type image of the Gaussian sputter crater reveals

a uniform ringed pattern. Each band corresponds to a change

in depth of ‘25nM. B. An Oxygen Scanning Auger Micrograph (SAM)

shows the light bands in A to be the oxide layers. C. An aluminum

SAMun the “metallic” aluminum peak is complimentary to plate B

and corresponds to the dark bands in A.



6. Scanning ZIectron Microscopy of the edge of a polished

and etched sample is shown at two different angles. It is

very clear that layering has been achieved and the usual

columnar structure is gone.

7, The effect of layering by the PGP on the surface roughness is

seen in thi~ pair of SEM micrographs. A is the surface of the

laminate and B is the rough surface of a pure deposit.+ Both

samples are 12u thick.

8. A schematic block diagram of the specizl tensometer is

illustrated. A ramp is generated, compared to the signal from

a differential transformer used as a strain gauge. The resultant

signal is fed to a power amplifier to drive the solenoid. The

total force that can be developed by this machine is 9.EIN.

9. A log-log plot of the yield stress versus the layer spacing

gives essentially a straight line. The line has a slopC--l/2.

10. The yield stress and layer spacing are plotted on a linear

ordinate and reduced abscissa. It is interes~:ligto note that

the experimental line intersects the yield stress for a pure

specimen. The equation gives the yield stress in MPa for 5-10

atomic percent oxygen in the oxide layer.
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